On regional scales, changes in sea level are significantly affected by local dynamical changes. Westerly winds over the Southern Ocean have been strengthening and shifting southward in recent decades and this change is projected to continue in the future. This study applies wind forcing anomalies to an eddy permitting ocean model to study the dynamical response to a Southern Hemisphere westerly wind increase and/or southward shift. It is shown that the applied wind anomalies result in a change in sea surface slope across the Antarctic Circumpolar Current such that a fall in sea level occurs around the Antarctic continental margin. The Antarctic Circumpolar Current transport and regional sea level are particularly sensitive to latitudinal shifts in the wind, with a much more muted response found when only wind strengthening is applied. In addition to the local sea level changes, Southern Ocean winds also have a global effect through changing ocean heat content and the global overturning circulation.
Introduction
Global mean sea level (GMSL) changes are often studied in terms of balancing the net sea level budget [Gregory et al., 2013] . Regional sea level changes can, however, differ considerably from the global mean; in order to explain the spatial patterns of sea level change we must also take dynamical effects (due to local changes in temperature, salinity and ocean circulation) and static effects (due to mass redistribution) into account [Slangen et al., 2012] . Regional processes are important in the tropical Pacific, for example, where strengthening of the trade winds has caused sea level rise in the west and fall in the east relative to the global mean over the past two decades [McGregor et al., 2012] .
In the Southern Ocean, observations reveal a poleward intensification of the westerly winds since the 1950s. This intensification corresponds to a positive shift in the Southern Annular Mode (SAM) and has been attributed to increasing atmospheric concentrations of ozone-depleting and greenhouse gases [Thompson et al., 2011] . Global climate models are remarkably consistent in simulating a continuation of the observed positive SAM trend through the 21st century [Meijers et al., 2012 ], yet sea level changes in this region have received little attention.
The SAM trend can impact local and global sea level by changing the pattern and magnitude of wind stress, and by modifying surface buoyancy fluxes [Sen Gupta and England, 2006] , which may in turn alter the strength and/or position of the Antarctic Circumpolar Current [ACC; Spence et al., 2010; Shakespeare and Hogg, 2012] , the intensity of the eddy field [Meredith and Hogg, 2006] and the strength of the MOC [Sijp and England, 2009] .
Our ability to accurately predict regional sea level changes in the Southern Ocean as well c 2013 American Geophysical Union. All Rights Reserved.
as the rate of global mean sea level change due to thermal expansion may thus depend on a better understanding of the Southern Ocean winds and circulation. The complex interplay between eddies and the large scale circulation [e.g. Morrison and Hogg, 2013] motivates the use of eddy-permitting models to study this problem.
Observations of sea level around Antarctica prior to the satellite era are sparse and even now the presence of sea ice complicates satellite measurements close to the continent. For this reason, many studies of the Southern Ocean rely on model results. Bouttes et al.
[2012] found a dipole like structure in sea level change in CMIP3 SRESA1B and CMIP5 1%CO 2 runs, with sea level rising north of 50
• S and falling to the south in the multi-model mean. They linked this pattern to changes in Southern Ocean winds, with the caveat that CMIP models do not have sufficient resolution to explicitly resolve mesoscale eddies. In this study we use a global eddy permitting ocean model to investigate the dynamical effect of idealized wind changes over the Southern Ocean on regional and global sea level.
The model
This study uses the ACCESS-OEP global ocean-sea ice model, which is based on the Geophysical Fluid Dynamics Laboratory CM2.4 and CM2.5 fully coupled climate models [Farneti et al., 2010; Delworth et al., 2012] . The simulations are all forced at the surface with 6-hourly CORE version 2 reanalysis data sets that include synoptic variability [Large and Yeager, 2009] . The atmospheric state is prescribed and ocean surface fluxes are determined by bulk formulae.
In the first experiment, an inter-annually forced ( • south, increased in speed by 15% (with wind stress computed by the bulk formulae), and poleward intensified by 4
• and 15%, respectively. The wind forcing perturbations are applied instantaneously and then held constant for 70 years (after which time, while the models are not in thermodynamic equilibrium, the trends in the fields investigated here have been consistent for decades). The latitude shift and magnitude change were chosen to be at the upper end of the range simulated for the end of the 21st century by CMIP3 [Fyfe et al., 2007] and CMIP5 models [Bouttes et al., 2012] , c 2013 American Geophysical Union. All Rights Reserved.
therefore our results represent an upper bound on projected changes caused by changing Southern Ocean winds. While we use a prescribed atmospheric state in this study, future work should examine the robustness of the results with a coupled model as air-sea feedbacks can alter how and where heat accumulates in the ocean.
Sea level is an integral of the whole of the ocean and is thus sensitive to deep ocean drift from incomplete equilibration. The drift was estimated in the IAF simulation by using the linear trend over the last three forcing cycles, and in the perturbed NYF experiments by using the NYF control run (which was also integrated for another 70 years).
All experiments here explicitly include the effects of permitted eddies; we do not attempt quantitative comparison with coarse resolution models, as any such comparison is controlled by choices relating to eddy parameterisation at coarse resolution.
Observed and Modeled 1993-2007 trends
We start by comparing the last forcing cycle of the IAF simulation with a blended satellite altimetry product supplied by the Physical Oceanography Dis- also larger and more zonally symmetric than observed trends, which may be due to a spurious post-1979 trend in the NCEP-based CORE winds [Brodeau et al., 2010] . Note that this spurious wind forcing trend does not apply to the idealized simulations in the next section.
Sea level response to perturbed NYF winds
Next we turn to the three runs forced by perturbed NYF Southern Ocean wind anomalies. geostrophic balance -increased winds move light water northwards, gradually deepening the pycnocline to the north and building up an increased sea level gradient over the ACC (the black line in Figure 2(b) ), leading to a gradual increase in current strength. For W 4 • S ACC transport increases more rapidly, also due to steepening of the meridional sea level gradient over the ACC (red line in Figure 2(b) ). North of the ACC the wind shift causes temperature fronts to shift southward, particularly in the Atlantic sector [Spence et al., 2010] , which increases heat loss from the ocean. South of the ACC a large icefree area develops in the Weddell Sea in the first decade of the simulation, in a similar position to the Weddell Polynya observed in the 1970s [Carsey, 1980] there is a strong inverse correlation between these anomalies and the sea level change in Figure 2 (a).
The steric component of the sea level change, due to density changes in the water column, is plotted in Figure 3 for the three perturbed NYF runs. This steric component can be partitioned into the thermosteric component, due to temperature changes, and c 2013 American Geophysical Union. All Rights Reserved.
the halosteric component, due to salinity changes. These components are also plotted in In W 4 • S and W 4 • S+15% the bottom pressure term is positive over the deep ocean and negative over the shelves, indicating that water is moving off the shelves as expected for a decline in GMSL. In W +15% the bottom pressure term is positive on the shelves due to the rise in GMSL (except for on the Antarctic shelf). The bottom pressure term is negative on the Antarctic shelf and there is a decrease in sea level along the coastline of Antarctica in all three runs, despite the fact that one has a rise and the other two a fall in GMSL. This decrease in bottom pressure and fall in sea level are due to movement of water off the Antarctic shelf due to the change in sea level gradient across the ACC, rather than due to changes in global ocean volume (which explains the sea level changes on other shelves).
Conclusions
In terms of regional sea level changes we find that the thermosteric effect is largely responsible for the patterns of sea level change due to changing winds in the Southern
Ocean. These patterns agree with those simulated by CMIP3+5 models, as discussed by Bouttes et al. [2012] , indicating that the qualitative regional sea level response does not appear to be sensitive to eddies. Sea level changes are accompanied by changes in ACC strength and closely mirror changes in barotropic stream function. Increasing wind stress directly drives an increase in ACC strength while shifting the winds has a more immediate c 2013 American Geophysical Union. All Rights Reserved.
and dramatic impact by shifting temperature fronts north of the ACC southward and by decreasing density to the south (particularly due to mixed layer deepening in the Weddell Sea).
One striking effect of the altered density gradient across the ACC is the drop in sea level along the Antarctic coast in all three perturbed NYF runs. This fall would partially offset GMSL rise in the region and should be taken into account when considering ice sheet stability [Gomez et al., 2010] . This sea level fall is particularly sensitive to the southward shift in Southern Ocean winds.
The change of global ocean heat content and thus GMSL in the three runs illustrates the important role of Southern Ocean winds in redistributing heat throughout the global ocean. We show that increasing the Southern Ocean wind stress increases heat uptake, thus raising GMSL, while shifting the winds poleward causes heat uptake to decrease, lowering GMSL.
